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Using a supercell model and B3PW hybrid exchange-correlation functional in the framework of the
density functional theory (DFT), as it is implemented in the CRYSTAL computer code, we performed ab
initio calculations for the F-center located in the SrZrO3 bulk and on the ZrO2-terminated (001) surface.
According to the results of performed relaxation of atoms around the defect, two nearest Zr and four Sr
atoms are repulsed, but all oxygen atoms are attracted towards both, the bulk and (001) surface F-center.
The displacement magnitudes of atoms surrounding the bulk F-center are smaller than around the (001)
surface F-center. The B3PW calculated SrZrO3 bulk optical band gap (5.00 eV) is in a fair agreement with
the experimental value of 5.6 eV. The ZrO2-terminated (001) surface optical band gap (4.63 eV) is smaller
in regard to the bulk value. The bulk and (001) surface F-center bands in SrZrO3, calculated using
3  3  3 and 3  3  1 times expanded supercells, are located 1.12 and 0.93 eV under the conduction
band bottom. The O vacancy in the SrZrO3 bulk attracts 1.25e, and even less, only 1.10e on the ZrO2-
terminated (001) surface. Performed calculations reveal signiﬁcant enhancement of the chemical bond
covalency among the SrZrO3 bulk F-center and its nearest Zr atoms of 0.244e in comparison with the
ideal SrZrO3 perovskite ZreO chemical bond covalency of 0.100e. Our detected defect formation energy
for the F-center located on the ZrO2-terminated (001) surface 7.52 eV is somewhat smaller than in the
SrZrO3 bulk 7.55 eV. Our calculated formation energy difference may trigger the segregation of the F-
center from the SrZrO3 bulk towards the ZrO2-terminated (001) surface.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Strontium zirconate, SrZrO3 belongs to the family of well known
ABO3 perovskites, and has a huge amount of technologically
important applications, including, for example, capacitors, charge
storage devices as well as actuators [1e3]. Therefore, it is obvious
that in last decade SrZrO3 was extensively investigated both
experimentally and theoretically [1e16]. From another side, due to
its phase transitions, SrZrO3 possess also a great fundamental in-
terest. Namely, at room temperature SrZrO3 is at orthorhombic
phase with the space group Pnma. As temperature increases SrZrO3
undergoes the phase transition at 970 K to another orthorhombic
phase with the space group Cmcm. At 1100 K SrZrO3 change its
shape to the tetragonal phase with the space group I4/mcm. Finally,
at 1440 K temperature SrZrO3 reach its cubic phase with the space
group Pm3m [17].r B.V. This is an open access articleOxygen vacancy VO which traps two electrons, or so called F-
center calculations and experimental investigations in ABO3 pe-
rovskites are a very hot topic [18e33], since the F-center is most
popular, classical point defect in complex oxide materials, which
strongly affect the material properties. Taking into account the in-
dustrial potential of SrZrO3, as well as amount of F-centers which
inevitably persist in real complex oxide materials, it is unexpected
that neither bulk nor (001) surface F-centers are studied theoreti-
cally in the SrZrO3 perovskite. In order to ﬁll this gap, we performed
ﬁrst in the world ab initio calculations dealing with atomic and
electronic structure of SrZrO3 bulk, and ZrO2-terminated (001)
surface F-centers.
For explanation of numerous experimental data by means of ab
initio calculations, it is very important to achieve the best possible
agreement between the experimentally measured and theoreti-
cally calculated band gap of ABO3 perovskites. As it is generally
accepted, the Hartree-Fock (HF) approach considerably, even two-
three times, overestimates the experimental optical band gap. For
example, experimental band gaps for SrTiO3, BaTiO3 and PbTiO3under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
B3PW calculated SrZrO3 bulk effective Mulliken atomic charges Q (in e), the bond
populations P (in e), the lattice constant (in Å), and the bulk band gap (G-G) (in eV).
SrZrO3
Quantity B3PW calculated Experimental
Lattice constant (a0) 4.163 4.109 [51]
Charge (QSr) þ1.88 e
Charge (QZr) þ2.12 e
Charge (QO) 1.33 e
Population (PSreO) þ0.036 e
Population (PZreO) þ0.100 e
Population (POeO) 0.020 e
Band gap (Dεgap) 5.00 5.6 [54]
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tively) [34e36]. According to ab initio HF calculations performed in
the Ref. 37 for SrTiO3, BaTiO3 and PbTiO3 perovskites, calculated G-G
band gaps are equal to 12.33,11.73 and 12.74 eV, respectively, which
of course is a huge overestimation of experimental values. From
another side, as it is well known in scientiﬁc community, density
functional theory (DFT) considerably underestimate the optical
band gap. For example, SrTiO3, BaTiO3 and PbTiO3 G-G band gaps,
calculated by means of LDA approximation, are equal to 2.36, 1.98
and 2.65 eV, respectively [37]. In other words they are under-
estimated by a factor of approximately one and half regarding to the
experimental values. A good solution, which nowadays becomes
more and more popular in solid state physics, is to use the hybrid
exchange-correlation functionals, which coinjoin 20% of the HF and
80% of the DFT Hamiltonian, as it is implemented in the CRYSTAL
computer code [38]. The hybrid exchange-correlation functionals
allows to achieve a fair agreement between ab initio calculated and
experimentally measured band gap for ABO3 perovskites
[5,9,11,37,39e41], and thereby they are perfectly suitable for defect
calculations in complex oxide materials and on their surfaces.
2. Computational details of the bulk and (001) surface F-
center calculations
Weperformed ab initioDFT-B3PWcalculations for the F-center in
the SrZrO3 bulk and on the ZrO2-terminated (001) surface by means
of the world well known CRYSTAL code [38]. For our numerical
calculations, we used the B3PW functional, where the HF nonlocal
exchange is hybridized with the local DFT exchange, using Becke's
three-parameter method [42], mixed with the non-local correlation
functionals by Perdew and Wang [43e45]. The CRYSTAL computer
code [38] uses Gaussian-type functions localized on atoms as the
basis for an expansion of the crystalline orbitals. In order to perform
our numerical calculations bymeans of the CRYSTAL computer code,
each atom of the SrZrO3 perovskite should have the localized basis
sets (BS). In our present study for the F-center in SrZrO3 perovskite,
for Sr and O atoms we used the same BS as in the Ref. [37], whereas
for the Zr atom we took the BS from the CRYSTAL computer code
home page [38]. The reciprocal space integration was carried out by
sampling the Brillouin zone of the unit cell using the 8 8 8 times
extended Pack-Monkhorst net [46]. All bulk F-center calculations
were performed using 3  3  3 extended SrZrO3 supercell con-
taining 134 atoms and the single F-center. Thereby, in our calcula-
tions, the bulk F-center concentration was very low, 1/81 or 1.23%.
For the SrZrO3 (001) surface calculations, containing the surface F-
center, we employed a two-dimensional 11-layer slab model [47,48].
We allowed all atoms in a (001) slab to relax using a modiﬁed
conjugate gradient algorithm [49,50], with aim to locate a minimum
on the potential energy surface.
We have used a 3  3  1 times extended surface supercells,
with one of the surface O atoms removed, in order to calculate the
surface F-center located on the ZrO2-terminated SrZrO3 (001) sur-
face. Consequently, the surface F-center concentration in our cal-
culations is equal to 1/18 or in other words 5.56%. For the more
exact modelling of the bulk and (001) surface F-center, an addi-
tional basis function has been added to the oxygen vacancy, cor-
responding to the so called ghost atom [38]. For this purpose, we
have used the same Gaussian-type functions as that employed for
the O2 ions of the bulk SrZrO3 perovskite.
3. Main calculation results
3.1. F-center located in the SrZrO3 bulk
In order to start our calculations, we, by means of the B3PWhybrid exchange-correlation functional, computed the SrZrO3 bulk
lattice constant. According to our calculations, the SrZrO3 bulk
lattice constant is equal to 4.163 Å, or by 1.31% overestimated
regarding the experimental value of 4.109 Å (see Table 1) [51]. We
want to stress, that we used the theoretically calculated SrZrO3 bulk
lattice constant in all our further bulk and (001) surface F-center
calculations. We used the classical Mulliken description [52] for the
characterization of the effective atomic charges and bond pop-
ulations between different atoms in the SrZrO3 matrix. Our B3PW
detected effective charges for the SrZrO3 bulk are equal to þ1.88e
for the Sr atom, þ2.12e for the Zr atom, and 1.33e for the O atom.
Such charges are typical for the ABO3 perovskites [53] and gives an
additional proof of the large chemical bond covalency in the SrZrO3
perovskite. The calculated population of the chemical bonding
between Zr and O atoms is equal to þ0.100e, as well as þ0.036e
between Sr and O atoms. Just opposite, the chemical bond popu-
lation between O and O atoms is negative (0.020e), which points
out towards the repulsion between O and O atoms. Our calculated
forbidden optical band gap, using the hybrid B3PW approach for
the SrZrO3 bulk equal to 5.00 eV, is in a fair agreement with the
experimentally detected SrZrO3 optical band gap of 5.6 eV (see
Table 2) [54]. The good agreement, obtained between our B3PW
calculated and experimentally measured optical band gap in
SrZrO3, gives for us additional conﬁdence that our approach, based
on the use of the B3PW hybrid exchange-correlation functional,
will allow to perform F-center calculations located in the SrZrO3
crystal bulk and on its (001) surface with great probability of
success.
In order to obtain a bulk equilibrium geometry of the SrZrO3
perovskite with an oxygen vacancy in the center (see Fig. 1), all
nearest to the F-center Zr, O and Sr atoms were relaxed along di-
rections allowed by the cubic crystal symmetry. The displacements
of more distant atoms, around the F-center, were expected to be
negligibly small. The calculated nearest atom displacements are
listed in Table 3. The two Zr atoms nearest to the defect shifts
strongly outwards from the F-center by 3.68% of the SrZrO3 lattice
constant, while the next four Sr atoms reveal only a very small
repulsion from the F-center by 0.46% of the a0. The oxygen octa-
hedra deformation accompanies the displacements of Sr and Zr
atoms (see Fig. 1). Numerically the oxygen atoms are attracted to-
wards the F-center by 2.63% of a0.
As a next step of our calculations, we calculated the effective
atomic charges inside the oxygen vacancy and on the nearest atoms
surrounding the defect. The most marvellous feature of the elec-
tronic density distribution is connected with the F-center, which
keeps 1.25e from the missing oxygen anion, taking into account the
Mulliken bond population analysis. Another atomMulliken charges
are practically unchanged in comparison with the perfect cubic
SrZrO3 crystal. The only exception is the four Sr atoms around the
SrZrO3 bulk F-center. The Sr atom Mulliken charges decrease
Table 2
B3PW calculated SrZrO3 bulk and ZrO2-terminated (001) surface F center main
characteristics. Optical band gap (Dεgap) (in eV), location of the defect level in the
band gap relative to the conduction band bottom (DεFCB) (in eV), dispersion of the
defect level (d) (in eV), in the oxygen vacancy induced effective Mulliken charge
(DQF) (in e), and the F-center formation energy (EFform) (in eV).
SrZrO3 Dεgap DεFCB d DQF EFform
Perfect bulk 5.00 e e e e
Bulk F-center 5.07 1.12 0.21 1.25 7.55
ZrO2-term. (001) 4.63 e e e e
F-center on (001) 4.82 0.93 0.07 1.10 7.52
Fig. 1. Sketch of the 3  3  3 times enlarged cubic SrZrO3 supercell containing the O
vacancy in the middle.
Table 3
Our B3PW calculation results for SrZrO3 bulk and ZrO2-terminated (001) surface F-
centers. Earlier calculation results for F-centers in SrTiO3 [27,32,55], PbZrO3 [26,30]
and PbTiO3 [33] are listed in Table for comparison purpose. The sign “e” before
relaxed coordinates corresponds to sphere contraction.
SrZrO3 SrTiO3 PbZrO3 PbTiO3
Bulk F center
F-cent. charge, e 1.25 1.1 0.68 0.85
F under CB, eV 1.12 0.69 1.72 0.96
Form. ener., eV 7.55 7.1 7.25 7.82
B relax., % of a0 3.68 7.76 0.48 6.5
O relax., % of a0 2.63 7.79 e e
A relax., % of a0 0.46 3.94 5.99 e
BO2-terminated (001) surface F-center
F-cent. charge, e 1.10 e 0.3 e
F under CB, eV 0.93 0.25 2.58 e
Form. ener., eV 7.52 6.22 6.0 e
B relax., % of a0 9.17 14 8.46 e
O relax., % of a0 4.16 8 e e
A relax., % of a0 7.68 e 11.97 e
Fig. 2. Our B3PW calculated (110) cross section of the difference electron density maps
Dr(r) for a single F-center located in the SrZrO3 matrix. Dr(r) means the total density in
the pristine SrZrO3 bulk minus the sum of electron densities of both lattice of oxygen
atoms positioned in vacancy sites and defective SrZrO3. Dash-dot isolines correspond
to the zero level. Dashed isolines stand for a decrease in Dr(r), while solid lines for an
increase. Figures in brackets mean the numbers of the F-center coordination spheres.
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got 0.21e from the missing oxygen anion. The calculated chemical
bond populations between the F-center and two nearest symmet-
rical Zr atoms are equal to 0.244e. It is tremendous increase from
the perfect SrZrO3 crystal bulk bond population between the Zr and
O atoms equal to 0.100e. These our calculation results are conﬁrmed
by the vacancy-induced electron charge difference density plot
depicted in Fig. 2, which clearly indicates a presence of trappedelectron density in the vacancy site equal to 1.25e. At the same time,
we can observe a remarkable re-polarization of the nearest Zr and O
atoms which is rather caused by strong deformation of two zirco-
nium atoms nearest to the F-center.
Next, we calculated the band structure and DOS for the SrZrO3
3  3  3 times extended supercell containing the single F-center.
Our calculated band structure and DOS for the defective cubic
SrZrO3 are shown in Fig. 3. The obtained total and projected DOS
are very similar to those calculated for the defectless SrZrO3 ma-
terial. The most obvious difference is that the band gap is slightly
increased (5.07 eV for SrZrO3 containing the F-center vs. 5.00 eV for
the perfect SrZrO3). For the SrZrO3 perovskite 135 atom supercell
containing the single F-center, the F-center induced defect level
appears at 1.12 eV below the conduction band (CB) bottom (see
Table 3). Actually, this F-center defect level is rather ﬂat, showing
only a very small dispersion of 0.21 eV over the Brillouin zone. Thus,
since the defect concentration are rather low, only 1.23%, the
interaction between the periodically repeated F-centers in the
model of 135-atom supercell can be almost neglected for the pur-
pose of the qualitative description of the isolated defect in the
SrZrO3 perovskite. The F-center defect level in the cubic SrZrO3
perovskite band gap consists mostly of O 2p orbitals with a small
contribution of Zr 4d states, thus conﬁrming the charge redistri-
bution obtained from the Mulliken chemical bond population
analysis. Finally, we computed the formation energy of the single
isolated F-center located in the SrZrO3 perovskite bulk. In the
present 3  3  3 times extended SrZrO3 supercell calculations for
the oxygen vacancywith trapped electrons, the formation energy of
a neutral (the total charge of the SrZrO3 supercell is zero) F-center
could be computed using the following equation:
EðFÞformation ¼ EðoxygenÞ þ EðFÞ  EðperfectÞ (1)
where E(oxygen) is the energy for an isolated oxygen atom, and E(F)
and E(perfect) are the total energies of the defective crystal con-
taining the F-center, and the perfect crystal, respectively. Our
calculated F-center formation energy in the SrZrO3 bulk, using Eq.
(1), is equal to 7.55 eV.
Fig. 3. Our B3PW calculated total and projected DOS, as well as band structure for the
SrZrO3 containing the isolated F-center.
Fig. 5. Our B3PW calculated difference electron charge density map for ZrO2-termi-
nated SrZrO3 (001) surface containing the single F-center in the cross section along the
(010) plane. The map is deﬁned as the difference of the total density in the perfect
SrZrO3 (001) slab and the sum of electron densities of both lattices of oxygen atoms
positioned in vacancy sites and a defective slab. Dashed lines mean the lack of the
electron density, while full lines means the density excess. The increment in our cal-
culations is 0.05 e a.u.3.
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As a starting point of our calculations for the F-center located on
the ZrO2-terminated SrZrO3 (001) surface, we performed the ge-
ometry relaxation of nearest Zr, O and Sr atoms located around the
F-center. The coordinates of all atoms surrounding the F-center
located at the ZrO2-terminated (001) surface were allowed to relax
(see Fig. 4). As a result of performed coordinate relaxation, the
substantial outward relaxation is observed for both, the two Zr
atoms nearest to the oxygen vacancy (displacement by 9.17% of the
lattice constant), as well as for four nearest Sr atoms (displaced by
7.68% of a0) (see Table 3). The displacement magnitude of two Zr
atoms nearest to the surface F-center, located on the ZrO2-termi-
nated SrZrO3 (001) surface, is comparable with that calculated
earlier for two Nb atoms in the KNbO3 perovskite [24]. In contrast,
nearest oxygen atoms are strongly attracted towards the SrZrO3
(001) surface F-center by 4.16% of a0.
Our calculated surface F-center formation energy, located on the
ZrO2-terminated SrZrO3 (001) surface (7.52 eV), is slightly smaller
than the defect formation energy in the SrZrO3 perovskite bulk
(7.55 eV). This tiny energy difference, between the defect formationFig. 4. Sketch of the ZrO2-terminated SrZrO3 (001) surface structure containing the
single F-center. The depicted relaxed structure show the equilibrium geometry ob-
tained in our B3PW calculations.energies on the ZrO2-terminated (001) surface and the SrZrO3 bulk,
is a driving force for the F-center defect segregation towards the
surface.
As we can see from the our B3PW calculated difference electron
charge density map depicted in Fig. 5, and the performed effective
charge analysis, collected in Table 3, that only 1.10e is localized
inside the ZrO2-terminated SrZrO3 (001) surface oxygen vacancy. At
the same time, the rest of electron density of the missing oxygen
ion with the formal ionic charge (2e) is delocalized over the
nearest to the F-center surface atoms. It means, that the electron
localization inside the ZrO2-terminated (001) surface F-center
(1.10e) is slightly weaker than in the SrZrO3 bulk F-center (1.25e).
Our B3PW calculated chemical bond population value between the
surface F-center and two nearest to the F-center Zr atoms is equal to
0.112e.
There are depicted in Fig. 6 the calculated band structure and
density of states for the ZrO2-terminated SrZrO3 (001) surface
containing the surface F-center. In the density of the states plot, theFig. 6. Our B3PW calculated band structure, as well as total and projected density of
states for the ZrO2-terminated SrZrO3 (001) surface containing the single F-center.
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the surface F-center located in the band gap slightly under the
conduction band bottom. Otherwise, the DOS for the ZrO2-termi-
nated (001) surface containing the F-center looks very similar to
those calculated for the pristine ZrO2-terminated SrZrO3 (001)
surface. Our B3PW calculated optical band gap for the perfect ZrO2-
terminated SrZrO3 (001) surface is equal to 4.63 eV, which is by
0.37 eV smaller than the calculated optical band gap for the SrZrO3
bulk 5.00 eV (see Table 2). It is worth to notice, that the surface F-
center defect formation results in a slightly increased optical band
gap value (4.82 eV) with respect to the optical band gap value for
the defectless (001) surface structure (4.63 eV). The calculated
ZrO2-terminated (001) surface F-center band for the 3 3 1 times
extended SrZrO3 supercell lies 0.93 eV below the conduction band
bottom. The surface F-center induced defect band width is very
small, only 0.07 eV, exactly three times smaller, than that in the
SrZrO3 bulk (0.21 eV) (see Table 2).
4. Conclusions
As it is generally established in all solid state physics, the density
functional theory considerably underestimates the optical band
gap, while the Hartree-Fock method strongly overestimates it
[9,16,37,40,56,57]. In contrast, the hybrid B3PW functional allows
for us to achieve a fair agreement with experiment for the SrZrO3
bulk optical band gap (5.00 eV vs. 5.6 eV in experiment), which is
crucial for our bulk and surface defect calculations. Our B3PW
calculated SrZrO3 bulk band gap (5.00 eV) is reduced near the
perfect ZrO2-terminated SrZrO3 (001) surface (4.63 eV), which,
with some exceptions, is rather typical for ABO3 perovskites
[37,58,59]. Creation of the F-center defect into the perfect cubic
SrZrO3 matrix increases its optical band gap value from 5.00 till
5.07 eV. Also the surface F-center, located on the ZrO2-terminated
SrZrO3 (001) surface, increases the (001) surface optical band gap
till 4.82 eV, in comparison with the perfect defectless (001) surface
optical band gap of 4.63 eV. Such effect, the increase of the optical
band gap for the defective crystal, is typical also for the bulk and
surface F-centers in another materials, like BaF2, CaF2 and SrF2 [56,
60, 61], as well as another ABO3 perovskites [26,27,30,32,55].
The defect formation energy of the F-center on the ZrO2-
terminated SrZrO3 (001) surface 7.52 eV is slightly smaller than in
the bulk 7.55 eV. This bulk and surface defect formation energy
difference may trigger the segregation of the F-center from the
SrZrO3 bulk towards the ZrO2-terminated (001) surface. It is
interesting to notice, that the bulk F-center formation energy
around 7 eV is typical also for another ABO3 perovskites, such as, for
example, SrTiO3 (7.1 eV), PbZrO3 (7.25 eV) and PbTiO3 (7.82 eV).
Formation energy for the (001) surface F-centers in the same ABO3
perovskites are typically around 6 eV, for example, for SrTiO3 the
(001) surface F-center formation energy is equal to 6.22 eV, while
for PbZrO3 the (001) surface F-center formation energy is equal to
6.0 eV. Thereby, we can conclude, that the (001) surface F-center
formation energy in ABO3 perovskites, as a rule are smaller, than
the bulk F-center formation energy, and thereby the F-center
segregation from the bulk towards the (001) surface seems a
common effect.
We observed a strong increase of the chemical bond covalency
between the SrZrO3 bulk F-center and its nearest Zr atoms
(þ0.244e) in comparison with the F-center located on the ZrO2-
terminated (001) surface (þ0.112e), and especially between the
perfect SrZrO3 bulk Zr and O atoms (þ0.100e). Seems that the in-
crease of the chemical bond covalency between the bulk and sur-
face F-centers and its nearest cations is a general effect in solid state
physics. Along with ABO3 perovskites, it is observed also, for
example, in BaF2, CaF2 and SrF2 crystals [56,60,61].According to our performed B3PW calculations, the bulk and
ZrO2-terminated (001) surface F-center band in the SrZrO3 perov-
skite, calculated using 3  3  3 and 3  3  1 times extended
supercells, lies 1.12 and 0.93 eV below the conduction band bottom,
respectively, indicating that the F-center is a shallow donor in both,
the bulk and on the SrZrO3 (001) surface, similar to the F-center in
the SrTiO3 crystal, where the bulk and surface F-center band lies
0.69 and 0.25 eV, respectively, below the conduction band bottom
[27,32,55]. The situation is quite different in the PbZrO3 crystal,
where the bulk and ZrO2-terminated (001) surface F-center levels
are located deep inside the band gap, 1.72 and 2.58 eV below the
conduction band bottom, respectively [26,30]. So, we can conclude
that the situation with the F-center bulk and (001) surface defect
induced levels in the band gap of different ABO3 perovskites may be
quite different. For example, bulk and (001) surface F centers in
ABO3 perovskites may be shallow donors (SrZrO3 and SrTiO3), or,
just opposite, they may be located deep inside the band gap
(PbZrO3).
The SrZrO3 F-center defect band width both for the bulk and
ZrO2-terminated (001) surface case 0.21 eV and 0.07 eV, respec-
tively, calculated using 3  3  3 and 3  3  1 times extended
SrZrO3 supercells are very small, indicating that the interaction
between periodically repeated F-center defects are negligible.
Thereby, we can conclude, that the supercell extension, used in our
B3PW calculations, were large enough for the F-center bulk and
(001) surface defect calculations located in the SrZrO3 matrix.
The O vacancy in the SrZrO3 bulk attracts 1.25e, and only 1.10e
on the ZrO2-terminated (001) surface, indicating that two electrons
in the bulk F-center case are more localized inside the O vacancy,
than in the surface F-center case. Also in another ABO3 perovskites,
only some part of 2e (as it is required by the ionic model) are
localized inside the bulk or (001) surface oxygen vacancy. For
example, only 0.6e are localized inside the KNbO3 bulk F center,1.1e,
0.68e and 0.85e inside the SrTiO3, PbZrO3 and PbTiO3 bulk F centers,
respectively, as well as only 0.3e inside the ZrO2-terminated PbZrO3
(001) surface F-center. So, we can conclude, that the F-center in
ABO3 perovskites resembles electron defects in partly covalent SiO2
crystals [62], but they are completely different from electron de-
fects in ionic materials, such as, for example, BaF2, CaF2 and SrF2,
where around 90% of missing electron is localized inside the ﬂuo-
rine vacancy [56, 60, 61].
The two nearest to the oxygen vacancy Zr and four nearest Sr
atoms shift outwards from both the bulk and ZrO2-terminated
(001) surface F-center in the SrZrO3 crystal. In contrast, nearest O
atoms are attracted towards the bulk and surface F-center. The
displacement magnitudes of atomic relaxation around the F-center
located on the ZrO2-terminated SrZrO3 (001) surface are consid-
erably larger than for the bulk F-center.
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